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Objective: Two-stage endoscopic device development for inversion and secured ligation of colonic diverticula;
ﬁrst, human cadaver studies were performed to measure forces required for diverticular inversion; second, a
novel set of devices (elastic spiked O-ring with delivery system) was tested in animals.
Design: Prospective, observational study of human cadavers and prospective, interventional study of a porcine
model.
Setting: University hospital pathology laboratory and animal facility.
Intervention: Full-thickness inversion of the colonic wall with a pipelike delivery instrument to produce an in-
verted pseudodiverticulum that was secured with a spiked O-ring.
Main Outcome Measurements: The forces required for diverticular inversion, the secured closure of inverted
pseudodiverticula, and the time until necrotic tissue falls off.
Results: A total of 248 of 248 of cadaveric sigmoid diverticula could be inverted by means of vacuum or forceps.
The forces required for inversion ranged from 0.28 to 0.47 N (median, 0.37 N). Twenty-four spiked O-rings were
delivered in 6 living pigs to produce 24 inverted pseudodiverticula. One animal died the day after the procedure
of a pulmonary thromboembolism. In the remaining 5 pigs, all delivered spiked O-rings remained in place for 7 to
22 days. At necropsy, none of the inverted sites showed signs of perforation but rather full-thickness reparative
scarring with ingrowth of connective tissue.
Limitations: Animal model, stiff pipelike delivery instrument, variations in diverticular location, diameter,
and size.
Conclusions: Endoluminal inversion and securing of colonic diverticula induces tissue necrosis, diverticular
sloughing, and full-thickness scarring.Diverticular disease has become an increasingly preva-
lent health problem in Western societies that affects men
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Figure 1. A, The tool set for the animal experiments. Note the pipelike
delivery device. B, The shape of the spiked O-rings with 1 ring loaded
on the edge of the delivery device before the procedure.
Diverticular inversion Amato et alpatients. Open or laparoscopic surgery remains the stan-
dard of care for recurrent cases.3 It is not uncommon,
however, that advanced patient age or concomitant
disease represents a limitation to such an approach.
Early colonoscopy is feasible for acute diverticulitis,
and various endoscopic interventions have been evalu-
ated for diverticular hemorrhage.4-6 In addition to
epinephrine injection, thermal coagulation, and hemo-
clipping, endoscopic band ligation has been reported to
be safe and effective for the treatment of diverticular hem-
orrhage.7,8 The rebleeding rate after epinephrine injec-
tion or thermal coagulation is considerable,6 and
endoscopic placement of a hemoclip at a bleeding
vessel may be difﬁcult in cases of a small diverticular
oriﬁce or bleeding from the diverticular dome. Thus,
endoscopic band ligation has been proposed as the
treatment of choice by some authors.7-10 Several issues,
however, limit the use of endoscopic band ligation for
diverticular bleeding. First, current band ligation devices
were developed for the treatment of esophageal varices
and are not approved for use in colonic diverticular
bleeding. Second, immediate or subsequent slippage of
the O-ring in the course of colonic peristalsis has been re-
ported.10 Third, the size and diameter of suction cup are
not adjusted to the diverticular oriﬁce. In addition,
complete diverticular inversion with effective contact of
all tissue segments is the premise for sustained healing.
Here we report on (1) human cadaver studies to eval-
uate the diameter and size as well as the forces required
to invert diverticula and on (2) the development of a novel
set of devices for vacuum inversion and securing of distal
colonic pseudodiverticula in a porcine model.MATERIALS AND METHODS
Human cadaver studies
The study was approved by the Ethics Committee of the
Medical University of Vienna. Sigmoid colon specimens
were excised and studied on the bench immediately after
the postmortem examination at the Department of Pathol-
ogy, General Hospital of Vienna. The identity of the corpse
was blinded to the investigators. The distribution of diver-
ticula over the sigmoid colon and the morphologic charac-
teristics of the diverticula were determined. Thereafter,
diverticula were inverted, and the forces required for inver-
sion were measured. Measurements included length of sig-
moid colon (in centimeters), the number of diverticula, the
distance between single diverticula (in millimeters), and
the diameter, depth, oriﬁce, and wall thickness of each
diverticulum (in millimeters). All measurements were
accomplished by using a digital caliper (CEN-TECH Pitts-
burgh; Camarillo, Calif; accuracy  0.02 mm) with readings
from 0 to 150 mm. The forces required for inversion of
diverticula were measured by a hanging scale (Digipen
500; American Weigh Scales, Inc, Norcross, Ga). After ef-750 GASTROINTESTINAL ENDOSCOPY Volume 81, No. 3 : 2015fective inversion of diverticula to the luminal side, the
characteristics of the inverted pouch were determined
(diameter, height, and thickness in millimeters).
Devices
A proprietary pipelike delivery instrument was con-
nected with a standard vacuum pump to invert a segment
of the colonic wall. This instrument comprises 2 closely
ﬁtted concentric tubes (Figs. 1A and B), which had an
outer diameter of 12.2 mm, and allows deployment of
the tissue-securing ring. Such a ring was made from sili-
cone rubber to capture the inverted pseudodiverticulum.
To secure the grip on the tissue at the base the inverted
pseudodiverticulum, the ring also includes 4 metal spikes
(Fig. 1B). The elastomeric properties of the ring serve to
direct and drive the integral spikes into the tissue. The
spikes in the rings were manufactured from stainless
steel, which allows radiographic detection. The rings
were pressure-tested on pig bowel in excess of 200 mm
Hg.
Porcine model of full-thickness colonic wall
inversion
Animal experiments were conducted at the animal
facility of the Experimental Zooprophylactic Institute A.
Mirri, Palermo, Italy, in compliance with the guidelines
of the Animal Care Protocol for Experimental Surgery is-
sued by the Italian Ministry of Health. The study was car-
ried out on six 3- to 4-month-old female pigs weighing
between 35 and 45 kg while they were under general
anesthesia.
Surgical procedure
Four colonic areas were inverted in each pig, resulting
in 4 inverted pseudodiverticula: 2 in the intraperitoneal
colon and 2 in the extraperitoneal rectocolic segment
(Fig. 2A). To assess the distal intraperitoneal colonwww.giejournal.org
Figure 2. A, Position of the O-rings in the porcine model (yellow stars). B, The transanal pull-through maneuver to exteriorize the intra-abdominal in-
testine. C, The combined video-assisted exteriorization of the intra-abdominal colon.
Amato et al Diverticular inversionwith the pipelike delivery instrument from the anus, a
transanal pull-through of the lower intestine was per-
formed. This was achieved by laparoscopically assisted
intussusception of the lowest segments of the intra-
abdominal colon (Figs. 2B and C).
The colonic wall area was inverted by suction with the
pipelike delivery instrument and a standard vacuum
pump (Fig. 3A). This maneuver resulted in a pouch that
mimicked an inverted pseudodiverticulum that was
secured by the spiked O-ring (Fig. 3B). The capturing of
this pouched intestinal wall was intended to be full
thickness including all layers of the intestinal wall. The
tissue-securing ring with the 4 spikes was speciﬁcally
shaped to apply adequate strangling forces to achieve
an irreversible ischemia within a few days, resulting in ne-
crosis of the incarcerated pouched tissue. Once the ne-
crosis was achieved, the ischemically altered pouch fell
off into the lumen of the colon. In 5 of the 6 animals,
the inverted pseudodiverticulum was pierced to intro-
duce the straight barbell just above the ring (Fig. 3C).
In 17 of 24 pseudodiverticula, the full apex of the
inverted pseudodiverticula was completely excised
(Fig. 3D) and sent to a pathologist for histological study.
The sites were marked with Prolene stitches; starting
proximally, the stitches were secured with 1 to 4 knots
to better identify the sites of the previous O-ring
deployment at necropsy. The secured closure and the
time needed for the necrosis and the pouch falling off
were the primary endpoints of the study (Fig. 4A).
Finally, the colon was returned into the peritoneal cavitywww.giejournal.orgunder laparoscopic visualization, thereby establishing a
normal visceral outline (Fig. 4B), and the sites of the
intraperitoneal inverted pseudodiverticula were captured
photographically (Fig. 4C). The appropriate placement
of the rings was also documented by plain radiographs
of the lower abdomen in 2 projections carried
out immediately after closing the procedure (Figs. 4D
and E).
All animals received a postoperative antibiotic treatment
with doxycycline (8 mg/kg/day) for 3 days. Postoperative ra-
diographs were obtained every week until no more spiked
O-rings were visible. At this stage, the animals were eutha-
nized, and the distal colon and the rectum were removed
(Fig. 5B) and opened to detect the Prolene knots marking
the sites of the inverted pseudodiverticula (Fig. 5C), which
were excised for histological evaluation. Tissues were ﬁxed
with 10% phosphate-buffered formalin and embedded in
parafﬁn. Sections were cut at 4 to 6 mm and stained with
hematoxylin-eosin, Azan–Mallory, and Weigert van Gieson
stains.
Statistical analysis
SPSS Version 16.0 (SPSS Inc, Chicago, Ill) was used for
all statistical calculations. Descriptive methods were used
to describe characteristics of noninverted and inverted
diverticula. If not stated otherwise, continuous variables
are expressed as mean (range). Correlations between
continuous variables were determined by the Pearson cor-
relation. All statistical tests were 2 tailed, and statistical sig-
niﬁcance was accepted if the P value was!.05.Volume 81, No. 3 : 2015 GASTROINTESTINAL ENDOSCOPY 751
Figure 3. A, Suction applied by the colonic wall before delivery of the spiked O-ring. B, The spiked O-ring in place with a newly formed inverted pseu-
dodiverticulum. C, Piercing the apex of the inverted pseudodiverticulum with a straight barbell. D, Full-thickness excision of the apex of the
pseudodiverticulum.
Diverticular inversion Amato et alRESULTS
Human cadaver studies
Thirty sigmoid colons from Caucasian corpses carrying
at least 1 diverticulum were examined on the bench. In to-
tal, 248 diverticula were investigated, between 3 and 13
per specimen (mean, 8). The mean length of the sigmoid
specimen was 52 cm (range 38-69 cm). The shortest
distance between 2 single diverticula was 7 mm (mean,
2-5 mm), and the longest distance was 42 mm (mean,
9-68 mm). The mean diverticular diameter was 8.0 mm
(range 2.8-14.8 mm), the depth was 9.2 mm (range
2.9-14.5 mm), the oriﬁce diameter was 5.9 mm
(range 0.1-13.8 mm), and the wall thickness was 3.1 mm
(range 0.2-3.9 mm).
A total of 248 of 248 diverticula could be inverted by
means of a vacuum or forceps. The force required to
invert diverticula ranged from 0.28 to 0.47 N (median,
0.37 N). Both the diverticular diameter and its depth
related to the required inversion forces (R2 Z 0.836,
P! .001 and R2Z 0.662, P! .001, by the Pearson corre-
lation, respectively). After inversion, 145 of 247 diverticula
(59%) remained inverted, whereas the other 102 (41%)
popped back into the noninverted position. The diameter
of the inverted diverticular pouch was between 2.6 and
14.3 mm (mean, 7.2 mm), the height was between 2.8752 GASTROINTESTINAL ENDOSCOPY Volume 81, No. 3 : 2015and 13.4 mm (mean, 8.3 mm), and the thickness at the
base was between 1.8 and 3.9 mm (mean, 2.9 mm). Based
on these measurements, the inversion of diverticula by
means of the pipelike delivery instrument with a standard
endoscopic vacuum pump system was considered
feasible.Porcine model for full-thickness colonic wall
inversion
A total of 24 spiked O-rings were delivered in 6 animals
to produce 24 pouches, so-called inverted pseudodiverti-
cula. Twelve were delivered in the intraperitoneal part of
the distal colon and 12 in the rectum. The O-ring place-
ment in the upper colon was assisted by laparoscopy. After
the placement of the spiked O-rings and the full-thickness
excision of the apex of the inverted pseudodiverticula, no
intestinal perforation occurred. Histological examination of
the excised apex supported the notion of full-thickness
excision. All pigs survived the surgical procedure except
1 animal, which died the day after the intervention of a pul-
monary thromboembolism. Nevertheless, despite this
seemingly unsuccessful outcome, this event allowed us
to detect the effectiveness of the strangling force of the
spiked O-rings during autopsy. In fact, all 4 inverted pseu-
dodiverticula were clearly necrotic 24 hours after thewww.giejournal.org
Figure 4. A, The pseudodiverticulum at the end of the procedure. The spiked O-ring is in place, just behind the barbell. Note the full-thickness perfo-
ration of the tip of the pseudodiverticulum. B, The intra-abdominal colon being repositioned by means of laparoscopic forceps after placement of the
spiked O-rings. The blue ring marks the place where the colonic wall was inverted to form the pseudodiverticulum. C, Intra-abdominal view of hollows
demonstrating the inversions of the intestinal wall (blue rings). D, Postoperative radiographic detection of the O-rings, anteroposterior image. E, Post-
operative radiographic detection of the O-rings, lateral image.
Amato et al Diverticular inversionprocedure (Fig. 5A). This was evident macroscopically as
well as microscopically.
In the remaining 5 pigs, all of the delivered 20 spiked
O-rings remained in place at least 1 week, with 12 rings
ejected between days 7 and 14, 7 between days 14 and
21. One spiked O-ring was ejected beyond the third
week after implantation (Table 1). The autopsy was
performed after radiographs demonstrated that all
O-rings had fallen off. At macroscopic examination of the
distal colon and rectum, all suture marks were found in
place except in 2 pigs where 1 suture mark (the most
proximal with only 1 Prolene knot) was missing (Fig. 5C).
The sites where the inverted pseudodiverticula were
located showed a small dip covered by scar tissue
(Fig. 5C). All 20 pseudodiverticula had been ejected, and
the sites that were covered by newly ingrown scar tissue
were all excised for histological study. On histological
examination, all tissue samples from the sloughed sites
displayed an inﬂammatory inﬁltrate with lymphocytes
and neutrophils (Fig. 6A). The colonic mucosal surface
showed the ingrowth of connective tissue covering the
basal elements of the mucosa (Fig. 6B). These
components were interspersed among connective ﬁbers
and newly formed vascular structures (Fig. 6C). The
junction between the tissue layers of the colonic wall was
visibly evident, shaping complete full-thickness reparative
scarring (Fig. 6D).DISCUSSION
Despite advances in imaging technology and medical
treatment, the increasing prevalence of diverticular diseasewww.giejournal.orgin developed countries is associated with signiﬁcant
morbidity and mortality. Although more recent studies
have downscaled the estimates of lifetime risk of the devel-
opment of diverticulitis from 25%11,12 to 4%,13 it remains a
major burden of disease for our society. Mesalamine and
rifaximin have been proposed for prevention of
diverticulatis14-17; however, larger controlled trials on me-
salamine had negative results,18 leaving laparoscopic or
open surgery as the remaining option.
A potential minimally invasive approach for the treat-
ment of colonic diverticula is endoscopic band ligation.
Band ligation has been successfully introduced in patients
with diverticular bleeding.9 For the use of diverticular
removal, however, complete diverticular inversion with
serosa-to-serosa contact, temporal securing of ligation
bands, and full-thickness scarring before such bands fall
off are required. Current bands were not developed for
such use, and immediate or subsequent slippage of the
O-ring in the course of peristalsis is a likely event. In our
cadaver study, measurements and inversion tests revealed
that 50% of cases of diverticular disease of the sigmoid co-
lon have only 3 to 8 diverticula, a number that seems acces-
sible for an endoluminal approach, but may be higher in
patients with recurrent diverticultis. The oriﬁce diameter
and depth of diverticula showed high variation, indicating
the need for different sizes of suction cups and O-rings.
On the bench, all diverticula could be inverted, and the
forces needed were!0.5 N, which can be achieved with
a standard vacuum pump.
The speciﬁc design of the spiked O-ring should enable
serosa-to-serosa contact and prevent slippage of the
O-ring before tissue scarring was complete. To prove that
actual sloughing of the inverted pseudodiverticula, weVolume 81, No. 3 : 2015 GASTROINTESTINAL ENDOSCOPY 753
Figure 5. A, Coloanal segment excised 24 hours after placement of 4 spiked O-rings. All pseudodiverticula show clear signs of necrosis but with spiked
O-rings, barbells, and suture marks in place. B, Resected coloanal segment during autopsy 16 days after the surgical procedure. C, Internal view of the
coloanal segment at autopsy. Four dips at the site of the ejected pseudodiverticula are clearly visible and covered by scar tissue (blue rings). The suture
mark at the most proximal pseudodiverticulum (to the right) is missing.
TABLE 1. Results summary of the experimental testing
in the porcine model
Pigs
1 2 3 4 5 6
Age, wk 12 15 14 16 13 14
Weight, kg 35 42 44 45 38 43
Spiked O-rings, no. 4 4 4 4 4 4
Barbells, no. 0 4 4 4 4 4
Apex excisions, no. 0 4 2 4 3 4
First O-ring off* 8 7 7 - 8 8
Last O-ring off* 15 22 12 - 14 16
Autopsy* 16 22 15 1 15 16
Adverse events - - - Death - -
*Days after procedure.
Diverticular inversion Amato et alintroduced a barbell behind the spiked O-ring and perfo-
rated the apex of the inverted pseudodiverticula. This
way it was impossible for the spiked O-ring to slip before
the inverted pseudodiverticula had fallen off. Five of 6
pigs survived the procedure, and none of the inverted sites
showed any sign of perforation. Full-thickness reparative
scarring was identiﬁed by histology at all inversion sites.
One pig had died early in the study of a thromboembolic
event that was the result of the general surgical procedure
rather than the inversion of the pseudodiverticula. We754 GASTROINTESTINAL ENDOSCOPY Volume 81, No. 3 : 2015conclude that inversion of colonic tissue can be secured
with such spiked O-rings, which remain in place for as
long as 22 days until sufﬁcient healing. The endoluminal
removal of diverticula may become feasible in future.
There are several limitations to our study. The inverted
pseudodiverticula in pigs comprise all layers of the bowel
wall (including the muscular layer). Colonic diverticula in
humans, however, are false diverticula that do not involve
the muscularis propria. By removing the sigmoid colon
from the abdomen to measure the inversion forces in hu-
man cadavers, we have likely underestimated the actual
forces because the abdomen is a closed space and vacuum
forces are at play. The same is likely true for creation of the
pseudodiverticula in pigs because laparoscopy assisted this
procedure. Also the intracolonic pressure in young pigs
likely differs from that in elderly humans. Tests were per-
formed only in the very distal part of the colon, which
has thicker wall layers. More proximal colonic parts are
thinner with different motility dynamics. Concerning the
porcine model used in our study, we are well aware that
there is not an ideal animal model that could adequately
mimic the structure of colonic diverticula in humans.
Nevertheless, we are conﬁdent that the model is compara-
ble to humans regarding structural similarities as well as
the biological response. Further limitations are related to
the stiff delivery system, which needs adaption for ﬂexible
endoscopes, and to the different diverticular sizes. Last,
luminal stenosis often occurs with presence of multiple
diverticula, which may cause luminal obstruction when in-
verted. Also, one may expect disease recurrence in tempo-
ral and regional proximity. The complexity of issues iswww.giejournal.org
Figure 6. A, Transition zone at the edge of the sloughed pseudodiverticulum 15 days after the procedure: in-growth of inﬂammatory inﬁltrate and con-
nective tissue close to normal intestinal mucosa (H&E, orig. mag. 10). B, Tissue specimen excised from the base of the sloughed pseudodiverticulum 16
days after the procedure. Full-thickness transition zone (blue rectangle) between the 2 layers of the intestine where the sloughed pseudodiverticulum was
placed. Evident reparative process is in progress with newly formed scar tissue and inﬂammatory inﬁltration (H&E, orig. mag. 5). C, Transition zone
(yellow rectangle) at the base of the sloughed pseudodiverticulum 16 days after the procedure: ingrowth of connective tissue and neoangiogenesis be-
tween the 2 margins of the healthy mucosa (Azan Mallory, orig. mag. 5). D, Full-thickness transition zone (red rectangle) indicating connective ingrowth
and neoangiogenesis to form reparative scar tissue after sloughing of the pseudodiverticulum. The 2 segments of the intestinal wall are fully integrated
(Azan Mallory, orig. mag. 5).
Amato et al Diverticular inversiondeﬁnitely limiting to an immediate clinical development of
such procedure in the near future.
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